Legume plants such as bean (Phaseolus vulgaris), soybean (Glycine max), and pea (Pisum sativum) can overcome a dependence on soil nitrogen sources by forming nitrogen-fixing symbiosis with rhizobial bacteria. The rhizobia reside in special root organs, the nodules, where reduction of atmospheric dinitrogen and nutrient exchange between bacterial and host cells takes place. Specific recognition of rhizobial symbionts relies primarily on chitooligosaccharide signaling molecules, the Nod factors. In the model legume Lotus japonicus, these are perceived by the LysM receptor kinases Nod Factor Receptor1 (NFR1) and NFR5 Radutoiu et al., 2003) . Recognition of compatible rhizobia induces curling of root hair tips, and bacteriae form microcolonies in the resulting cavities. The associated root hair cells develop tube-like infection threads that mediate the internalization of bacteria into the host epidermis and cortex.
Epidermal infection is paralleled by the induction of nodule organogenesis in the root cortex, and cells of emerging nodule primordia are infected with bacteria through infection threads. Upon release into the host cell cytoplasm, from which they are separated by the plant-derived symbiosome membrane, bacteria develop into bacteroids metabolically adapted to nitrogen fixation and survival in the plant cell environment. With no access to resources outside the host cell, bacteroids fully depend on the plant for nutrient supplies, including carbohydrates and mineral nutrients such as sulfur and phosphorus required to maintain their metabolism and nitrogen-fixing ability Delmotte et al., 2010) . Transport across the symbiosome membrane, therefore, is crucial for nutrient exchange between the host cell and bacteroid, as illustrated with the sulfate transporter Symbiotic Sulfate Transporter1 (SST1; Krusell et al., 2005) , which is thought to provide sulfate required for the bacterial nitrogenase activity. In the absence of SST1, nitrogen reduction cannot take place, and the fully infected, yet inefficient, nodules forming on sst1 loss-of-function mutants are subject to premature senescence .
Legume nodules can be categorized into two major groups based on the persistence of their apical meristem. The "determinate" type, as found in the important crop legume soybean or the model plant L. japonicus, has a transient meristem that eventually ceases activity, resulting in globular organs going through a succession of developmental steps. By contrast, "indeterminate" types of nodules, such as those of pea and Medicago truncatula, maintain an active meristem (Oldroyd and Downie, 2008) . A determinate organogenetic pattern implies that different stages of symbiotic maturity are spatiotemporally separated, allowing for symbiosis progression to be monitored in a stepwise manner. The extensive collection of symbiotic mutants isolated in the model legume L. japonicus has helped to dissect the signaling pathways involved in the distinct steps of bacterial infection and nodule organogenesis (Madsen et al., 2010) . A series of transcription factors, including Nodule Inception (Schauser et al., 1999) and the two GRAS-type proteins Nodulation Signaling Pathway1 (NSP1) and NSP2 (Heckmann et al., 2006) , are notably required for both epidermal bacterial infection and nodule organogenesis, suggesting a tight link between these processes. Identification of a class of mutants generating spontaneous nodules in the absence of bacterial infection (Tirichine et al., 2006b) Tirichine et al., 2006a) or the cytokinin receptor Lotus Histidine Kinase1 (LHK1; snf2; Tirichine et al., 2007) induce nodule organogenesis independently of compatible rhizobia. The resulting nodule organs show the same morphology and tissue composition as symbiotic nodules, but they contain a center of uninfected, parenchymatic cells instead of the bacteria-filled infected tissue found under normal symbiotic conditions (Tirichine et al., 2006a (Tirichine et al., , 2007 .
The dissection of signaling pathways involved in legume nodulation symbiosis has been largely focused on a combination of mutant (Madsen et al., 2010) and transcriptome (Høgslund et al., 2009) analyses. More recently, however, small RNAs (sRNAs) that orchestrate RNA silencing have emerged as potential contributors to the complex and dynamic gene regulation changes that accompany the nodulation process. Plant silencing sRNAs fall into several distinct classes, among which microRNAs (miRNAs) have received the most attention in the field so far. Plant miRNAs are processed by the Dicer-like1 endoribonuclease from stem-loop precursor RNAs derived from polyadenylated, longer primary microRNA transcripts (Voinnet, 2009) . Mature miRNAs are 20 to 24 nucleotides long and mediate posttranscriptional regulation of target transcripts displaying local sequence complementarity (Voinnet, 2009) . In both monocot and dicot plants, the majority of miRNAs associates with the ARGONAUTE (AGO) effector protein AGO1, although other AGO proteins might be recruited in some cases (Mi et al., 2008; Vaucheret, 2008; Czech and Hannon, 2011) . AGOs are guided to target mRNA transcripts by the incorporated miRNA strand in a sequence-dependent manner. A high degree of sequence complementarity between miRNA and target appears to trigger AGOmediated endonucleolytic cleavage or "slicing" at or near the center of miRNA/target duplexes. Alternative or additional control through translational inhibition, commonly observed in metazoans, seems to be widespread in plants as well (Brodersen et al., 2008; Mallory and Bouché, 2008; Brodersen and Voinnet, 2009) .
To date, a large number of miRNA families have been described in legumes, many of which are conserved beyond this lineage and also occur in Arabidopsis (Arabidopsis thaliana), as evidenced in the miRBase registry (www.mirbase.org; Subramanian et al., 2008; Jagadeeswaran et al., 2009; Lelandais-Brière et al., 2009; Joshi et al., 2010; Chi et al., 2011; Devers et al., 2011; Li et al., 2011; Peláez et al., 2012; Turner et al., 2012) . Furthermore, symbiosis-responsive sRNAs have also recently been identified at different stages of nodule development (Subramanian et al., 2008; Jagadeeswaran et al., 2009; Lelandais-Brière et al., 2009; Li et al., 2010; Kulcheski et al., 2011) , including several miRNAs found to be highly expressed in nodules (LelandaisBrière et al., 2009; Wang et al., 2009) . Nonetheless, evidence for functional involvement in nodulation symbiosis has been obtained for only a small number of candidates, including miR166 and miR169 in M. truncatula. miR166 isoforms regulate meristem activity and vascular differentiation in both roots and nodules by controlling HD-ZIPIII targets (Boualem et al., 2008) , while miR169 regulates the spatial distribution of the transcription factor HAP2-1 involved in meristem maintenance and bacterial release in nodules (Combier et al., 2006) . While both miR166 (Boualem et al., 2008) and miR169 (Combier et al., 2006) are thus likely to be involved in nodule organogenesis, no miRNA has so far been linked to nitrogen fixation activity in nodules. In parallel, miRNAs involved in arbuscular mycorrhizal symbiosis have also been assayed in recent years Devers et al., 2011; Lauressergues et al., 2012) .
In this study, we used deep sequencing to identify novel and symbiosis-responsive miRNAs from determinate nodules of the model legume L. japonicus, in which the existence of miRNAs has only been inferred from in silico approaches so far (miRBase registry; Sunkar and Jagadeeswaran, 2008; Hsieh et al., 2009; Wang et al., 2009) . Using a series of mutants that uncouple nodule organ formation, infection, and function, we identify two miRNAs specifically linked to bacterial infection and nodule function rather than organogenesis. treatments with medium (mock). Nodules harvested at 3 weeks post inoculation (wpi) were also included in the analysis. sRNAs were isolated from these tissues and sequenced using the 454 technology (Roche), yielding a total of about 300,000 quality reads corresponding to 147,692 unique sequences (Table I) . A total of 71.2% of unique sRNA sequences from the combined four root libraries mapped to the L. japonicus genome (Sato et al., 2008 ; version 2.5), compared with 46.2% from the 3-wpi nodule library, which contained nearly 40% of unique sequences mapping to the genome of M. loti (Table I) . About one-quarter of unique sequences from the combined libraries could not be mapped to either of these sources and probably correspond to as yet unsequenced regions of the L. japonicus genome (Table I) . Of the unique sequences mapping to the L. japonicus genome, the 24-nucleotide fraction was the most abundant in all five samples (Fig. 1) .
To annotate sRNA populations obtained from our libraries and identify conserved plant miRNAs or repeatassociated sRNAs present in L. japonicus, we mapped the sequences to publicly available databases (Table II; Supplemental Fig. S1 ). Between 0.3% and 0.6% of unique sequences mapped to members of 45 families of proposed plant miRNAs, as deposited in the miRBase registry (Tables II and III; www.mirbase.org). Predicted miRNA* sequences, representing the passenger strands of miRNA duplexes upon release from their stem-loop precursors, were cloned at low frequencies for members of six of these families (Table III) . Most L. japonicus sequences mapping to conserved miRNAs were 20 to 21 nucleotides long (Fig. 1) . In both root and nodule libraries, about 25% of total sequences mapping to the L. japonicus genome showed high homology to ribosomal RNAs (rRNAs), tRNAs, small nuclear (snRNAs), or small nucleolar RNAs, collectively referred to here as "miscellaneous" RNAs (miscRNAs). Another 0.3% to 0.6% mapped to conserved repetitive DNA sequences including transposable elements (Table II) .
Prediction and Validation of L. japonicus-Specific miRNAs
Different studies have shown that, in addition to a set of evolutionarily conserved miRNAs found across phyla, plants including legumes possess lineage-or species-specific miRNAs of more recent evolutionary origin (He et al., 2008; Szittya et al., 2008; LelandaisBrière et al., 2009; Cuperus et al., 2011; Peláez et al., 2012; Turner et al., 2012) . To identify new miRNAs in L. japonicus, we used the plant de novo miRNA prediction algorithm miRCat Supplemental Fig. S2 ). We isolated 32 novel candidate miRNAs mapping to 45 genomic loci and not homologous (more than two mismatches) to plant miRNAs already found in the miRBase registry. The predicted precursor RNAs form stable hairpin structures as typically found in plant MIR gene transcripts (Meyers et al., 2008; Supplemental Fig. S3 ). The sequencing frequencies of these nonconserved miRNAs were consistently lower than those of conserved plant miRNAs predicted on the basis of sequence homology (Tables III and IV) . This is consistent with observations from previous studies in both legume and nonlegume plants showing that evolutionarily young miRNAs tend to be less expressed than conserved ones (Szittya et al., 2008; Lelandais-Brière et al., 2009; Fahlgren et al., 2010; Cuperus et al., 2011; Li et al., 2011) , a possible adaptation reducing potential undesirable offtargeting effects (Voinnet, 2009 ). An important criterion in the validation of novel miRNAs is the availability of the corresponding, less stable miRNA* sequence, indicating precise excision of a discrete miRNA/miRNA* duplex from the stem-loop precursor (Meyers et al., 2008) . Our data set contained miRNA* sequences for one of the 32 novel miRNA candidates (Table IV; Supplemental  Fig. S3) , and higher-coverage sequencing approaches will be necessary to verify miRNA* sequences of the remaining candidates.
To validate the specific accumulation of novel miRNAs, we performed systematic northern hybridization analyses. The two most sequenced candidates, lja-miR7516 and lja-miR1507, accumulated as discrete species in different L. japonicus tissues and were absent in RNA samples from Arabidopsis seedlings tested alongside (Fig. 2) , supporting the in silico finding that no Arabidopsis homologs of these sequences exist. This suggests that lja-miR7516 and lja-miR1507 are specific to L. japonicus or its lineage. It is noteworthy, however, that mature lja-miR7516 presents a certain degree of similarity to the recently identified gma-miR2109 family found in the genus Glycine (www.mirbase.org). Sequence similarity between the corresponding miRNA precursor sequences also suggests possible homology (Supplemental Fig. S4 ). Similarly, lja-miR1507, considered novel based on the absence of apparent homologs at the mature sequence level, is predicted to originate from two precursor genes with possible homology to MIR1507 family members found in several other legume species based on precursor similarity. It is therefore named lja-miR1507 in this publication and has been registered as such in the miRBase registry. The remaining candidate miRNAs could not be traced using northern analysis, in line with their low frequencies in our sequencing data sets, suggesting that their abundance levels are below the detection limit for this method. Further analysis will thus be necessary to confirm if these miRNA candidates accumulate as distinct species. In addition to the 32 novel miRNA candidates, miRCat predicted miRNA identity for members of 19 additional known miRNA families, representing less than half of the 45 conserved miRNAs identified in L. japonicus on the basis of sequence similarity (Table III) . This low overlap likely reflects the high stringency of the miRCat prediction algorithm, which has been specifically designed for miRNA prediction in plants using 454 pyrosequencing data .
L. japonicus Nodules Express a Specific Set of miRNAs
Having established a repertoire of L. japonicus root and nodule sRNAs including miRNAs, we then aimed to isolate miRNAs specifically involved in bacterial infection and/or the establishment of symbiosis by comparing the abundance profiles of conserved and predicted novel miRNAs between the root and nodule libraries. At 3 hpi, measurable physiological responses of L. japonicus roots to M. loti include an influx of Ca 2+ ions into developing root hair cells, followed by distinct Ca 2+ spikes in and around the nucleus. These responses, along with an alkalinization of the extracellular space, are initiated within minutes of the application of Nod factors or compatible bacteria , but morphological root or root hair responses to the symbiont are not generally observed at this stage. Subsequently, at 3 dpi, infection threads are emerging at a time when cross signaling to inner cortical cells initiating primordium formation has commenced. None of the miRNAs contained in our libraries, however, showed significantly altered abundance between M. loti-infected and mock-treated root samples at either of these early time points preceding organogenesis. We thus focused on the analysis of later symbiotic stages.
Comparative expression analysis from root and mature nodule samples has been successfully employed to predict symbiosis-related genes (Colebatch et al., 2004; El Yahyaoui et al., 2004; Høgslund et al., 2009; Lelandais-Brière et al., 2009) . This led us to analyze sequencing data from nodule and root libraries in a comparative profiling approach. Using the miRProf algorithm , we selected miRNAs represented by a minimum of 10 read counts in nodules and a minimum 3-fold higher read abundance in nodule versus mock-inoculated root libraries (Supplemental Fig. S5 ). Members of four conserved miRNA families, miR167, miR172, miR390, and miR397, followed these criteria, showing a markedly higher relative abundance in mature nodule as compared with root libraries ( Fig. 3A ; Table III) . Some miRNA families, such as MIR159 and MIR166, were found in nodules at high accumulation levels (Table III) , but their relative accumulation in root tissue was even stronger (Fig. 3A) . These miRNAs were not considered in further analyses, because specific involvement in the symbiotic process was considered unlikely on the basis of the observed abundance patterns. In an independent approach, we analyzed expression profiles of MIR genes spotted on the L. japonicus Affymetrix GeneChip (Høgslund et al., 2009 ) to explore these results at the level of primary MIRNA transcript abundance. Out of the 65 predicted miRNA precursor transcripts represented on the chip, three were significantly more abundant in mature nodules compared with noninoculated roots showing 3-fold or higher expression levels (Fig. 3B) . These include MIR167a, MIR172a, and a member of the MIR171 gene family referred to here as MIR171c. Out of five MIR171 paralogs represented on the L. japonicus Affymetrix GeneChip, only MIR171c showed differential regulation in nodules versus roots, while all other loci remained unresponsive in nodules (Supplemental Fig. S6 ; Høgslund et al., 2009) , suggesting a specific role for miR171c in symbiosis or nodule development. The Affymetrix-based monitoring also showed an up-regulation, although modest, of members of the MIR390, MIR397, and MIR408 families (Fig. 3B ). Expression data of miRNA primary transcripts is thus in line with the 454 sequencing results and further suggests that miR167, miR171c, miR172, miR390, miR397, and miR408 could potentially undergo nodule-specific transcriptional up-regulation as opposed to being translocated from cell to cell from other parts of roots, as has been reported for some miRNAs (Lin et al., 2008; Pant et al., 2008; Carlsbecker et al., 2010) . For further validation, we performed northern hybridization from root and nodule tissue extracts. While miR408 could not be detected under our experimental conditions, we confirmed a higher accumulation of miR167, miR171c, and miR172 in nodules as compared with roots and a modest induction of miR390 and miR397 (Fig. 3C) .
We conclude that a set of specific miRNAs overaccumulate in mature determinate L. japonicus nodules, showing different levels of nodule/root specificity of these miRNAs. Therefore, they constitute strong candidates as possible riboregulators of various stages of root nodulation symbiosis in L. japonicus.
miR397 and miR171c Accumulation in L. japonicus Nodules Is Linked to Infection But Not Nodule Development
A high accumulation of miRNAs in symbiotic nodules could indicate their involvement in morphological processes such as induction and progression of nodule organogenesis or, alternatively, in the establishment/ maintenance of an efficient endosymbiotic interaction. To identify candidates specifically linked to bacterial infection and nodule symbiotic functionality rather than organogenesis, we exploited the availability of snf mutants. snf1 and snf2 produce autoactive versions of the Ca 2+ -calmodulin-activated kinase and the cytokinin receptor LHK1, respectively. As a result, both lines form nodule organs in the absence of the bacterial symbiont, but they also develop fully infected functional nodules upon M. loti inoculation (Tirichine et al., 2006a (Tirichine et al., , 2006b (Tirichine et al., , 2007 . Our candidate miRNAs were tested using northern analysis, and two of them, miR397 and miR171c, showed a consistently higher accumulation in infected nodules of snf mutants compared with noninfected, spontaneous nodules (Fig. 4A ). This indicates that miR397 and miR171c induction in wild-type nodules versus roots is linked to bacterial infection and/or to nodule functionality rather than organogenesis per se. By contrast, the remaining miRNAs tested showed similar abundance in infected and bacteria-free snf nodules or were below the detection limit (Supplemental Fig. S7) .
We then sought to analyze whether the induction of miR171c and miR397 expression in M. loti-infected nodules is implicated in the establishment/maintenance of endosymbiotic infection or in processes related to N 2 fixation and symbiosis functionality. We first tested if the expression levels of these miRNAs depend on the nodule developmental stage. In determinate nodules like those formed by L. japonicus, meristematic activity ceases once the nodule has reached a certain size, such that infection of nodule cells, bacteroid maturation, nitrogen fixation, and nodule senescence occur sequentially thereafter. Under our conditions, nodules start fixing nitrogen at 7 to 14 dpi, reaching full maturity at 21 to 28 dpi, followed by senescence. Northern hybridization analyses revealed that, while miR171c abundance was constant in infected nodules of different ages, miR397 levels were drastically enhanced at 28 dpi compared with younger nodules (Fig. 4B) . This result suggests a link between miR397 expression and the presence or maintenance of an efficient symbiosis or, alternatively, the initiation of nodule senescence. By contrast, the elevated miR171c expression levels in nodules compared with roots seem to be linked to the infected stage per se, as expression levels remain stable as the nodule matures and enters nitrogen fixation activity. Using a combination of cloning and sequence homology searches, we identified a total of five different miR171 family variants in L. japonicus (Fig. 5A) .
Interestingly, the sequence of lja-miR171c aligns only partially with that of other plant miR171 family members, clustering with a group of miR171 isoforms that are shifted by several nucleotides along the precursor RNA backbone and contain a central two-to three-nucleotide polymorphism that sets them apart miRNA families from the miRBase registry to which sRNA reads were assigned through sequence homology (two or fewer mismatches) using miRProf default parameters for miRNA family grouping. Reads that matched to registered miRNA* sequences were not considered. Some reads matched to several miRNA families simultaneously, as indicated. Normalized read counts per 100,000 non rRNA/tRNA reads in 3-wpi nodule libraries.
miRNA* sequences that are present in our dataset. g Families whose precursor sequences were predicted as bona-fide miRNA precursors by miRCat.
from the canonical miR171 sequences (Fig. 5A) . In silico target predictions using the Target Finder algorithm (Allen et al., 2005; Fahlgren et al., 2007) suggested that lja-miR171c might specifically regulate the L. japonicus GRAS transcription factor NSP2, which is essential for nodulation in legumes (Kaló et al., 2005; Heckmann et al., 2006; Murakami et al., 2006) . 59 RACE analysis confirmed endonucleolytic cleavage of the L. japonicus NSP2 mRNA within the miR171c complementary site and, more specifically, within the central three-nucleotide polymorphism observed (Fig. 5B) , indicating that NSP2 is a direct target of this miRNA. As for the remaining members of the L. japonicus miR171 family, similar target-prediction analysis suggested that three of them, but not miR171c, could target members of the Scarecrow-like homology group of GRAS-type transcription factors. This is consistent with a widely conserved miRNA-mediated regulation mechanism initially observed in Arabidopsis (Llave et al., 2002) . 59 RACE analysis confirmed that the mRNA of a L. japonicus homolog of Scarecrow-like6, LjSCL6, is indeed targeted by one or more members of the miR171 family (Supplemental Fig. S8 ). Moreover, lja-miR171c is homologous to mtr-miR171h and other miRNAs belonging to a recently identified group that is part of the conserved MIR171 family, but it has so far exclusively been found in endosymbiotic plant species ( Fig. 5A ; Lauressergues et al., 2012) . Taken together, these observations demonstrate the conservation of both canonical and noncanonical functions of the MIR171 family in the regulation of GRAS-type transcription factors in L. japonicus.
Affymetrix data initially pinpointed a strong upregulation of MIR171c in L. japonicus nodules compared with roots (Høgslund et al., 2009; Fig. 3B) . We performed northern analysis and saw a similar tendency for the mature miR171c, along with modestly increased abundance levels of this miRNA in leaves from M. loti-inoculated plants versus mock-inoculated controls (Fig. 5C ). On the other hand, NSP2 is known to be strongly down-regulated in nodule organs from L. japonicus (Murakami et al., 2006; Høgslund et al., 2009; Supplemental Fig. S9) . To analyze the behavior of miR171c and its target gene in more detail, we performed quantitative PCR followed by reverse transcription (qRT)-PCR analysis from different plant tissues. When compared with roots, nodules showed a striking greater than 30-fold higher abundance of 
Total read number from all libraries combined.
b
The number in parentheses shows the total reads obtained from miRNA* species.
c Number of miRNA loci predicted by miRCat for this same miRNA sequence. miR171c, which coincided with a reduced NSP2 signal (Fig. 5, D and E) . A complementary expression pattern of miR171c and NSP2 was also present in leaves (Fig. 5, D and E) . However, the relative NSP2 expression values in aerial tissue were substantially lower than in nodules or roots (Supplemental Fig. S10 ), a fact similarly observed using northern analysis (Fig. 5C ). In light of these findings, we performed 35S promotermediated complementation of nsp2 mutants using an NSP2 version carrying several silent mutations in the miR171c complementary site. However, this construct fully restored the formation of infection threads and symbiotically active nodules, and nodules were indistinguishable from those of plants complemented with a 35S-driven wild-type NSP2 gene (Supplemental Fig. S11 ). To investigate whether the observed differential abundance of miRNA levels in bacteria-containing nodules as opposed to empty spontaneous nodules (Fig. 4A ) was related to nodule functionality, we analyzed miRNA expression during interactions where bacterial infection progresses normally but nitrogen fixation is compromised. To that aim, we first exploited Bradyrhizobium sp. (Lotus) strain NZP2309, an alternative symbiont that efficiently infects some members of the Lotus genus but induces nodules that are either inefficient or go through a very short period of efficient nitrogen fixation on L. japonicus, despite normal endosymbiotic infection Fig. 6A, bottom panel) . Nodules infected with Bradyrhizobium sp. showed basal expression levels of miR397, much lower than those observed with effective M. loti-infected nodules of the same age (Fig. 6A) . We further analyzed nodules formed with the natural symbiont M. loti on L. japonicus sst1 mutant plants, which lack a functional SST1 sulfate transporter in the symbiosome membrane and consequently develop fully infected, but nonnitrogen-fixing, nodules . Although to a lesser extent than Bradyrhizobium sp.-infected nodules on wild-type plants, sst1 nodules also showed reduced miR397 abundance compared with wild-type M. loti-infected nodules (Fig. 6A) . By contrast, no difference in miR171c levels was found (data not shown). Collectively, these results indicate that the accumulation of miR397 to enhanced levels in mature nodules depends on their nitrogen-fixing ability and on the presence of a fully compatible microsymbiont. At the same time, young but fixing nodules or infection with compatible M. loti bacteria in the absence of nitrogen fixation, as in the case of sst1 nodules, do not lead to elevated miR397 levels, implying that either factor alone is insufficient to trigger elevated miR397 abundance levels.
Functional symbiosis requires nutrient exchange between root and shoot, and the de novo development Figure 3 . Identification of miRNAs that are differentially expressed in nodules and roots. A, Abundance of members of known miRNA families between 3-wpi nodule and noninoculated root libraries, expressed as percentages. Normalized counts per 100,000 reads filtered for rRNAs/tRNAs are listed on the right, for roots (left column) and nodules (right column). Only miRNA families present in nodule libraries with 10 or more reads were considered. B, Relative expression signal intensities of PRI-MIRNA genes spotted on the L. japonicus Affymetrix GeneChip (for data and statistical analysis, see Høgslund et al., 2009 ). The fold change was calculated as the ratio of normalized average expression values from wild-type 21-dpi nodules as compared with noninoculated roots (three independent biological replicates). From all PRI-MIRNA genes spotted on the chip, only those with a consistently observed statistically significant differential expression are shown (false discovery rate-corrected P # 0.05). C, miRNA accumulation in L. japonicus roots and nodules at 21 dpi. Root (R) samples comprise remaining tissue after nodule (N) excision. The top and bottom panels in indicate different hybridization experiments, where U6 served as a loading control. of symbiotic nodules is regulated systemically in a nitrogen-dependent manner OkaKira and Kawaguchi, 2006) . The fact that miR397 belongs to a series of miRNAs involved in systemic nutrient regulation in Arabidopsis and other species (Abdel-Ghany and Pilon, 2008; Jagadeeswaran et al., 2009; Yamasaki et al., 2009; Lu et al., 2011) thus prompted us to investigate miR397 expression at the systemic level. We found that miR397 abundance was strongly enhanced in leaves from wild-type, snf1, and snf2 plants bearing infected nodules as compared with mock-inoculated plants, although systemic miR397 levels in infected snf1 mutants were slightly lower than in infected wild-type plants (Fig. 6B) . Remarkably, systemically elevated miR397 levels were neither observed in wild-type plants infected with Bradyrhizobium sp. nor in sst mutant plants infected with M. loti (Fig. 6C) , none of which develop functional, nitrogenfixing nodules. Preliminary analysis showed a similar absence of systemic induction and low miR397 expression in nonfixing nodules of another L. japonicus mutant, sen1 (Supplemental Fig. S12 ). Like sst1, sen1 lacks nitrogen fixation capacities despite a wild-typelike infection pattern (Suganuma et al., 2003) . These combined data, therefore, demonstrate that miR397 specifically accumulates in efficient, nitrogen-fixing nodules and in leaves of plants bearing such nodules on their root systems. Therefore, miR397 represents a novel sRNA marker that signals a compatible bacterial infection and the presence of symbiotically functional nodules at both the local and systemic levels.
miR397 Is Related to Copper Homeostasis in L. japonicus and Targets a Copper-Containing Laccase Gene miR397 belongs to an endogenous miRNA network regulating copper homeostasis at the systemic level and is conserved across different plant species (AbdelGhany and Pilon, 2008; Jagadeeswaran et al., 2009; Yamasaki et al., 2009; Lu et al., 2011) . While Arabidopsis, rice (Oryza sativa), and poplar (Populus trichocarpa) contain two, two, and three MIR397 loci, respectively (miRBase registry), we could only identify a single MIR397 locus in L. japonicus. The 600-nucleotide upstream promoter region of Arabidopsis MIR397a contains several copper-response (CuRE) GTAC motifs, which are essential for transcriptional activation upon Cu 2+ shortage (Quinn et al., 2000; Yamasaki et al., 2009) . Similar promoter features are observed in poplar MIR397a, MIR397b, and MIR397c, where three to five CuRE motifs are found (Lu et al., 2011) . In silico analysis of the 500-nucleotide sequence fragment upstream of the predicted L. japonicus pre-MIR397 revealed the presence of six of these motifs (Fig. 7A) . By contrast, CuRE sequences were absent (lja-MIR166 and lja-MIR171c) or present only once (lja-MIR167a and lja390a) in corresponding upstream regions of other MIRNAs that we found to be abundant in nodules or enriched in nodules compared with roots (Supplemental Fig. S13 ).
To test whether miR397 expression is dependent on copper availability in L. japonicus, we supplemented the growth medium with Cu 2+ to yield final concentrations ranging from 0.1 to 10 mM (Fig. 7, B and C) . The standard Cu 2+ concentration of Fahraeus Plant (FP; Fahraeus, 1957) or B&D (Broughton and Dilworth, 1971 ) media routinely used for L. japonicus sterile Figure 4 . miR397 and miR171c are specifically up-regulated in infected nodules. A, miRNA accumulation in infected wild-type nodules (wt) and infected or spontaneous nodules in snf1-1 and snf2 mutant backgrounds. Tissues were harvested at 6 wpi. The bottom panels present nodule phenotypes at the time of harvest. Bars = 1 mm. +, Plants were inoculated with M. loti; 2, plants were mock inoculated. B, Accumulation of miR171c and miR397 at different stages of nodule development. U6 served as a loading control.
culture is close to 0.1 mM, which is within the copper deprivation range in Arabidopsis (Yamasaki et al., 2007) . We found that the abundance of miR397 in L. japonicus was dependent on Cu 2+ concentration in both nodules and leaves (Fig. 7, B and C) . At low Cu 2+ levels (0.1 mM), miR397 was strongly up-regulated in nodules and leaves harvested at 28 dpi, corresponding to the highest miR397 levels previously observed in standard in vitro growth (Fig. 4B ). This induction was significantly reduced at a concentration of 1 mM Cu 2+ and almost absent under 10 mM Cu 2+ growth conditions (Fig. 7, B and C) . Strikingly, 14-dpi nodule and leaf samples did not show this induction when compared with corresponding 28-dpi tissues. These observations indicate that L. japonicus miR397 expression not only correlates with available Cu 2+ levels but also with the symbiotic stage of the plant.
To further investigate the possible function of this miRNA in nodulation symbiosis, we predicted putative mRNA targets using the Target Finder algorithm (Allen et al., 2005; Fahlgren et al., 2007) . Several Cu 2+ -containing LACCASE-like genes were retrieved as target candidates, and 59 RACE analysis in nodulated roots confirmed that a L. japonicus homolog of Arabidopsis LACCASE10 indeed undergoes endonucleolytic cleavage within the miR397 complementary site (Fig. 7D) . Collectively, these results strongly suggest that miR397 expression, which correlates with functional symbiosis, is linked to copper homeostasis at the nodule organ and systemic levels, at least in part via posttranscriptional regulation of the LACCASE10 homolog in L. japonicus.
DISCUSSION
The objective of this study was the identification and characterization of miRNAs potentially involved in nitrogen-fixing nodulation symbiosis in a determinate nodule-type legume species. We have identified a group of conserved and young miRNA families in the model legume L. japonicus and further investigated two candidates, miR171c and miR397, that are Figure 5 . Lja-miR171c targets NSP2 and is up-regulated in L. japonicus nodule tissue. A, Alignment of mature miR171 isoforms from L. japonicus and several plant species. L. japonicus miR171 members, marked in gray, were identified in this study by cloning (lja-miR171b to lja-miR171e) or homology mapping (lja-miR171a). Rice, poplar, Arabidopsis, and M. truncatula sequences were retrieved from the miRBase registry. Sequences were aligned using Clustal version 2.1; ath, Arabidopsis; lja, L. japonicus; mtr, M. truncatula; osa, rice; ptc, poplar. B, Validation of NSP2 as a miR171c target in L. japonicus. Cleavage sites were determined by 59 RACE analysis. The number of sequenced fragments ending at a respective site (out of total clones sequenced) is indicated. Predicted sites of endonucleolytic cleavage are indicated by arrows. The nucleotide triplet that is different from the canonical miR171 family members is underlined. C, miR171c accumulation in L. japonicus leaves (L), roots (R), and nodules (N) from M. loti-inoculated (+) or mock-treated (2) plants. Tissues were collected at 21 dpi. Root (R) samples from M. loti-inoculated plants (+) comprise remaining root tissue after nodule excision. D and E, Relative expression levels of mature miR171c (D) and NSP2 (E) in nodules compared with mock-treated roots and leaves from inoculated compared with mock-treated plants. Light gray bars indicate tissues harvested from mock-treated plants, and dark gray bars indicate tissues harvested from inoculated plants. All tissues were harvested at 21 dpi. Three biological and two technical replicates were analyzed. Error bars show the SE. regulated specifically in the context of symbiotic infection.
While some of the miRNAs identified in this study have been bioinformatically predicted before (Sunkar and Jagadeeswaran, 2008; Hsieh et al., 2009; Wang et al., 2009) , L. japonicus miRNAs have so far not been confirmed by sequencing. Our data expand on initiatives from recent years to decipher the small RNAome of other legume plants (Subramanian et al., 2008; Jagadeeswaran et al., 2009; Lelandais-Brière et al., 2009; Joshi et al., 2010; Chi et al., 2011; Devers et al., 2011; Li et al., 2011; Peláez et al., 2012; Turner et al., 2012) .
In our approach, no sRNAs with significantly differential expression between infected and control libraries could be observed at early stages of infection, namely 3 hpi and 3 dpi. Using soybean roots, Szittya et al. (2008) similarly detected only small variation between miRNA abundances in infected versus mocktreated roots at 3 hpi. It is surprising that at 3 dpi, when endocytotic uptake of bacteria and plant developmental responses to the presence of compatible rhizobia have commenced, little variation in expression levels was observed in our libraries. We applied stringent cutoffs for the detection of differential abundances to avoid high numbers of false positives, which may contribute to this observation. Besides, in a whole-root cloning approach like ours, the expression of certain miRNAs in specific cell types or infected cells could be masked or diluted by miRNAs strongly accumulated in other root regions, including the highly active root tips.
A Specific Set of miRNAs Is Highly Expressed in Nodules, Two of Them Linked Specifically with Bacterial Infection
Using a combination of high-throughput sequencing, northern blotting, and primary microRNA transcript expression analysis, we have identified members of five MIRNA families in L. japonicus with strong expression in symbiotic nodules: miR167, miR172, miR390, miR397, and the miR171 isoform lja-miR171c. To dissect whether these miRNAs are potentially involved in processes related to either symbiotic bacterial infection or nodule organogenesis, we made use of the availability of L. japonicus snf mutants spontaneously producing uninfected nodule organs but generating wild-type-like symbiotic nodules in the presence of M. loti. A comparison of symbiotic and uninfected snf mutant nodules showed that, although strongly expressed in infected nodules, levels of miR171c and miR397 were low in nodule organs devoid of the symbiont M. loti. As spontaneous and infected nodules are indistinguishable in terms of developmental and morphological characteristics (Tirichine et al., 2006b) , these results strongly suggest that enhanced expression of both miR171c and miR397 in nodules is specifically linked to the presence of the bacterial symbiont.
For the remaining miRNAs, no consistent differences in expression levels were detected between Figure 6 . Systemic lja-miR397 accumulation correlates with the presence of functional nodules. A, miR397 expression in nodules (6 wpi) representing inefficient symbiotic interactions. Wild-type (wt) nodules inoculated with M. loti served as a fully functional reference. Inocula are as follows: Brad, Bradyrhizobium sp. (Lotus); M.l., M. loti strain MAFF303099. The top panels correspond to the same hybridization experiment, and the bottom panels present nodule phenotypes at the time of harvest. Bars = 1 mm. B and C, miR397 is up-regulated systemically in the presence of functional nodules. B, Northern blotting was done using RNA extracted from leaf tissues of the same plants used in Figure 4A . C, miR397 levels in leaves from the same nodulated plants shown in A. In all panels, U6 served as a loading control. +, Plants were inoculated with M. loti; 2, plants were mock inoculated. Harvest was at 6 wpi. Panels in A, B, and C correspond to the same hybridization experiment. functional infected and nonfunctional or uninfected nodules. miR167 and miR172 may thus play roles in differentiation and maintenance of the nodule as an independent organ, rather than in infection or nodule functionality. Both miRNAs have been previously found to be expressed in soybean nodules (Wang et al., 2009) , which, like L. japonicus nodules, show determinate development. In indeterminate M. truncatula nodules, northern hybridization analyses showed that members of the miR167 and miR172 families were more abundant in nodules than in root tips, while no nodule-specific up-regulation was detected for homologs of miR171c, miR390, or miR397 in this species (Lelandais-Brière et al., 2009 ). While differences in sampling and sequencing depth preclude direct comparisons between these data sets, these combined observations indicate a potential key role for miR167 and miR172 in the nodulation process in both determinate and indeterminate nodulators. In summary, the use of spontaneous nodulation mutants in the determinate nodulator L. japonicus has allowed the identification of miR167 and miR172 as miRNAs potentially involved in the context of nodule organogenesis or maintenance, on the one hand, and of lja-miR171c and lja-miR397 as two miRNAs specifically linked to bacterial infection during symbiotic root nodulation, on the other.
Infection-Related Abundance Levels of the NSP2-Targeting miR171c Isoform Are Enhanced in Determinate L. japonicus Nodules Our work shows different lines of evidence supporting a role for miR171c in determinate-type nodulation in L. japonicus. First, lja-miR171c is highly accumulated in L. japonicus nodules, and gene expression analyses indicate that this is due to elevated tissue-specific expression at the precursor level. Next, although the high levels of this miRNA in nodules are constant across different nodule developmental stages, the analysis of spontaneous nodulation mutants shows that this accumulation is strictly dependent on the presence of the symbiotic partner M. loti. Furthermore, the establishment of a successful infection in nodules also leads to altered systemic lja-miR171c levels, as evident by enhanced expression levels in shoot tissues upon nodulation. We also show that lja-miR171c targets the NSP2 gene encoding a GRAS-type transcription factor essential for nodulation symbiosis (Kaló et al., 2005; Heckmann et al., 2006; Murakami et al., 2006) , which coincides with inversely correlated expression patterns of miR171c and NSP2 in nodules and roots and, to a lesser extent, in shoot tissues. The observed cleavage of NSP2 is in line with reports on M. truncatula miR171h targeting a NSP2 homolog in this species Devers et al., 2011; Lauressergues et al., 2012) . M. truncatula NSP2 acts in concert with NSP1, another GRAS-type transcription factor, to regulate the expression of downstream symbiosis genes (Hirsch et al., 2009) .
The combined evidence suggests a role for miR171c-mediated NSP2 regulation in the establishment or maintenance of a successful symbiosis. Strikingly, an NSP2 version blocking miR171c-mediated cleavage was fully competent to restore infection thread formation as well as nodule development and colonization in nsp2 mutant plants. One possible explanation might be that, although NSP2 is essential for bacterial symbiosis in L. japonicus, its miRNA171c-mediated regulation is not required for this process, at least under laboratory growth conditions. While it certainly deserves further investigation, this situation would not be unprecedented: several (plants) or indeed many (metazoans) miRNAs are known to act redundantly with other sRNA-independent regulatory mechanisms at the pretranscriptional or posttranscriptional level or the protein level. Only the prior inactivation or environmental perturbation of these additional regulatory layers (thereby creating "sensitized" backgrounds) would reveal the importance of miRNA function in Figure 7 . miR397 is related to copper homeostasis in L. japonicus and targets a copper-containing laccase. A, Predicted copper-responsive transcriptional activation motifs present in the 500-nucleotide (500nt) upstream genomic sequence of the lja-miR397 precursor. B and C, miR397 accumulation in nodules (B) and leaves (C) from plants grown at the indicated CuSO 4 concentrations. U6 served as a loading control. Panels in B and C correspond to the same hybridization experiment. D, Validation of LjLACCASE10 as a miR397 target. Cleavage sites were determined by 59 RACE analysis. The number of sequenced fragments ending at a respective site (out of total clones sequenced) is indicated. Predicted sites of endonucleolytic cleavage are indicated by arrows.
conferring robustness to the system (for review, see Voinnet, 2009; Ambros, 2010) . Alternatively, it is possible that the biological role of the observed infectionrelated miR171c expression in L. japonicus is not linked to NSP2 regulation in the nodulation symbiotic process but, instead, to the regulation of additional target genes.
Lja-miR171c and mtr-miR171h are members of a miR171 subfamily that seems to have coevolved with NSP2 genes, such that the miRNA target region in NSP2 has been conserved exclusively in plants undergoing endosymbiosis (Lauressergues et al., 2012) . In that study, the authors showed that mtr-171h-mediated regulation of NSP2 has been established as a mediator of arbuscular mycorrhizal symbiosis in M. truncatula. The authors performed a parallel analysis of bacterial symbiosis and showed that, in contrast to fungal symbiosis, expression of a NSP2 version resistant to mtr-171h cleavage did not impair bacterial colonization or nodule development. However, intriguingly, mtr-171h did not present a nodule-specific expression pattern resembling the responses we reproducibly observed in L. japonicus for lja-miR171c. Discrepancies found in both model legumes are not restricted to lja-miR171c/mtr-171h expression patterns. Indeed, while in M. truncatula NSP2 shows a gradual increase in expression levels in roots inoculated with Sinorhizobium meliloti from 1 to 7 dpi (Kaló et al., 2005) , M. loti-treated L. japonicus roots show a basal high NSP2 expression at 1 dpi, which is progressively reduced and peaks again at 8 dpi (Heckmann et al., 2006) . Considering that both species undergo distinct types of nodulation, it thus seems possible that lja-miR171c and mtr-miR171h play distinct roles in gene regulation underlying symbiotic events. Further investigation will thus be needed to reveal whether there is a specific role for miR171c in determinate nodulation, considering that the nodule-specific regulation of this miRNA is tightly linked to the presence of bacteria in the symbiotic organs.
miR397 Correlates with Both Functional Symbiotic Nitrogen Fixation and Copper Deprivation miR397, the second miRNA found in this work to be specifically enhanced in abundance in infected nodules, shows an elevated expression in late nodule developmental stages (28 dpi). This is in contrast to miR171c, which retains stable expression levels as nodules undergo maturation, indicating a possible link between nodule functionality, or even the onset of nodule senescence, and miR397 expression. The analysis of inefficient interactions of L. japonicus mutant sst1 and wild-type plants infected with the inefficient bacterial symbiont Bradyrhizobium sp. confirmed that the accumulation of miR397 in both nodules and aerial plant parts correlates with the progression of a functional N 2 -fixing symbiosis. miR397 thus serves as a systemic marker for the presence of functional nodules in L. japonicus.
We further demonstrate that miR397 targets a LACCASE-like gene in L. japonicus. Laccases are Cu 2+ -containing polyphenol oxidoreductases playing diverse roles in different organisms such as bacteria, fungi, plants, and insects. LACCASE-like genes have also been confirmed as targets of miR397 in Arabidopsis (Abdel-Ghany and Pilon, 2008) and poplar (Lu et al., 2011) , where these Cu 2+ -containing genes are downregulated upon Cu 2+ deficiency, thereby regulating systemic allocation of this important micronutrient.
In Arabidopsis, miR397 responds to Cu 2+ availability through the action of SQUAMOSA PromoterBinding Protein-Like7 (SPL7), a transcription factor that binds to specific GATC motifs present in its miRNA target promoters. Upon Cu 2+ deficiency, a set of SPL7-responsive miRNAs (i.e. miR397, miR398, miR408, and miR857) are systemically activated. As a result, their Cu 2+ -containing targets, including laccases, plantacyanin, or superoxide dismutases, are downregulated, so that copper is made more available to essential, copper-demanding cellular processes (AbdelGhany and Pilon, 2008; Pilon et al., 2009; Yamasaki et al., 2009) . In fact, these miRNAs are popularly referred to as a "Cu-miRNA" (Burkhead et al., 2009) . Enhanced miR397 levels in response to copper deprivation have also been observed in poplar (Lu et al., 2011) and, under nonsymbiotic conditions, in M. truncatula, where targeting of two LACCASE-like genes by this miRNA has been demonstrated (Jagadeeswaran et al., 2009) . Therefore, a laccase-mediated Cu 2+ -related regulatory activity of miR397 is conserved in many eurosid angiosperm lineages.
Our results suggest that similar Cu 2+ -homeostatic mechanisms involving miR397 exist in the context of symbiotic N 2 fixation. Root nodule symbiosis requires an intensive exchange of macronutrients and micronutrients between the plant and bacterial partners Delmotte et al., 2010) , and evidence for a need for Cu 2+ transport into bacteroids exists (Preisig et al., 1996b) . At the biochemical level, nitrogen fixation requires low concentrations of free oxygen, which could otherwise inactivate the oxygensensitive nitrogenase enzymatic complex. On the other hand, a high respiratory rate is needed in nodules to meet the high demands in ATP, which is satisfied through strategies that include the action of the oxygen carrier leghemoglobin and the use of a specialized respiratory electron transport chain terminated by a Cu 2+ -containing bb3-type cytochrome oxidase (cbb 3 ) with high affinity for oxygen (Preisig et al., 1996b; Delgado et al., 1998; Ott et al., 2005; Arunothayanan et al., 2010) . Cu 2+ availability seems crucial to the functionality of this complex, as deletion of the fix-GHIS genes in the soybean symbiont B. japonicum, encoding for the copper-transporting ATPase FixI, results in defective nitrogen fixation (Preisig et al., 1996a) . The same effect is found with B. japonicum carrying mutations in the bll4880 gene, encoding a metallochaperone proposed to transfer Cu 2+ to cbb 3 , further emphasizing the need for Cu 2+ trafficking from the plant to the nodule and bacteroids (Arunothayanan et al., 2010) . Moreover, a nodule-specific expression pattern has been reported for a putative plant copper transporter in M. truncatula (Fedorova et al., 2002) . In line with these findings, we show here that L. japonicus plants harboring mature functional N 2 -fixing nodules accumulate miR397 in both nodule and leaf tissues, a process reverted when higher Cu 2+ levels are supplied in the growth medium. Based on these collective data, it seems likely that nodules become major Cu 2+ sinks in the plant at the onset of bacterial N 2 fixation. Subsequent regulation of nutrient allocation and prioritization would then rely on the host molecular machinery, including miR397, which could thus play an important role in ensuring N 2 fixation and nodule functionality. This would explain the codependence of L. japonicus miR397 induction on functional symbiosis and Cu 2+ availability. Indeed, plants harboring 28-dpi fully N 2 -fixing nodules show strongly enhanced miR397 levels when compared with the earlier symbiotic stages, where N 2 fixation-associated Cu 2+ demands are predicted to be less pronounced. Accordingly, elevated Cu 2+ levels in the growth medium are sufficient for a marked reduction in the local and systemic accumulation of miR397 at the later nodule stages. Nevertheless, we cannot exclude the possibility that it is the onset of nodule senescence, setting in at 4 to 6 wpi under our conditions, that activates the Cu 2+ -deprivation miR397 systemic network through an unknown molecular mechanism.
CONCLUSION
In this work, we have taken advantage of a unique set of L. japonicus mutants that uncouple nodule organ formation, infection, and function, leading to the identification of two miRNAs that accumulate specifically when infected with rhizobial bacteria. miR171c targets NSP2, an essential gene for nodulation, and shows a symbiosis-dependent expression in determinate L. japonicus nodules and shoot tissues, which, to our knowledge, has not been observed in other legume species. Systemic up-regulation of miR397 is strictly linked to the presence of efficient, N 2 -fixing nodules but could be suppressed by providing excess Cu 2+ levels in the growth medium. As a mediator of Cu 2+ homeostasis, miR397 up-regulation would then signal nutrient reallocation as a consequence of nodulation, thereby reflecting the importance of balanced micronutrient levels for efficient agricultural legume production. Besides, given moderate copper availability levels, miR397 qualifies as a reliable marker reflecting the presence of an efficient symbiotic interaction. Nodulation with inefficient rhizobial strains that evade plant defense systems or induce nodules failing to deliver nitrogen derivatives continues to cause significant yield losses. A simple systemic marker for symbiotic efficiency, such as miR397, could thus represent a valuable diagnostic tool.
MATERIALS AND METHODS

Biological Material
Lotus japonicus ecotypes 'Gifu' B-129 (Handberg and Stougaard, 1992) and 'Miyakojima' MG-20 (Kawaguchi et al., 2001) were used in this study. In addition to wild-type plants, the following mutants were used (ecotype Gifu): snf1-1 (Tirichine et al., 2006a) , snf2 (Tirichine et al., 2007) , sst1-1 , sen1 (sym11; Schauser et al., 1998; Suganuma et al., 2003; Sandal et al., 2006; Hakoyama et al., 2012) . Bacterial strains Mesorhizobium loti MAFF303099 and Bradyrhizobium sp. (Lotus) strain NZP2309 (Scott et al., 1985; Bek et al., 2010) were used for plant inoculation. Transgenic (hairy) roots were induced using Agrobacterium rhizogenes AR1193 (Stougaard et al., 1987) .
Plant Growth, Inoculation, and Transformation L. japonicus seeds were scarified using concentrated H 2 SO 4 and sterilized with a bleach-SDS solution. Upon imbibition, seeds were kept overnight at 4°C to synchronize germination, germinated in the dark at 23°C for 3 d, and then transferred to a 16-/8-h day/night cycle for 3 d. Seedlings were then transferred to plates containing FP (Fahraeus, 1957) or one-quarter-strength B&D (Broughton and Dilworth, 1971) . Arabidopsis (Arabidopsis thaliana) plants used as controls in this study were grown under greenhouse conditions as indicated above.
For in vitro inoculation, M. loti was grown on tryptone yeast medium for 48 to 72 h at 28°C. The resulting culture was pelleted twice at 3,000g, resuspended to optical density at 600 nm (OD 600 ) = 0.1, and applied directly to roots. For the assay of N 2 fixation-deficient nodules, Bradyrhizobium sp. (Lotus) were grown on yeast mannitol broth medium supplemented with tetracycline (2.5 mg mL 21 ) for 4 d. Bacterial cultures were pelleted twice, resuspended (OD 600 = 0.01), and applied to roots. Plant growth plates were covered and grown at a 21°C constant, 16-h-light/8-h-dark regime. For sRNA library generation, a large-scale flood inoculation procedure was followed. Open culture trays were filled with autoclaved clay granule substrate and soaked with sterile FP medium. One-week-old L. japonicus seedlings pregrown on agar petri dishes were transferred to the culture trays and grown for 2 more weeks. M. loti bacteria were grown at 28°C for 48 h in liquid tryptone yeast medium, and the resulting culture was pelleted and resuspended in FP medium to an OD 600 of 0.01. Culture trays were soaked with the resulting solution, and excess medium was removed. Control plant cultures were treated similarly using sterile FP medium alone. Hairy root induction using A. rhizogenes was performed as described (Stougaard, 1995) .
For quantitative PCR (qPCR) assays, seeds of L. japonicus wild type were surface scarified and imbibed overnight at 4°C, then germinated for 3 d at 21°C in darkness. Seedlings were grown on square plastic dishes with wedged one-half-strength B&D medium (Broughton and Dilworth, 1971 ) supplemented with 1 mM KNO 3 at 21°C (16 h of light, 8 h of dark). Roots were shielded from light access. Plants were inoculated at day 7 post germination. For inoculation, liquid cultures of M. loti MAFF303099 expressing DsRED (Maekawa et al., 2009) were grown for 2 d and harvested by centrifuging for 10 min at 3,000g. The bacterial pellet was washed twice in one-half-strength B&D medium (1 mM KNO 3 ) and diluted to OD 600 of 0.01. A total of 100 mL of bacterial suspension was applied directly to each root. Mock roots were treated with an equal amount of sterile medium. Roots were harvested and shock frozen in nitrogen 10 d post germination.
Microscopy
Plant phenotypes were monitored and photographs were taken using a Leica M165FC stereomicroscope. Fluorescence was visualized using a DsRED filter (Leica 10447412).
Vectors and Cloning Procedures
An NSP2 miR171c-resistant version was generated using primers 59-tTTaAGgCGcACgAggATaACaCGAGCCAGTTCaCGGT-39 (reverse) and 59-TtAT ccTcGTgCGcCTtAAaGAGTTGGTGTCCCACACCGAC-39 (forward) carrying silent mutations (lowercase letters) in and near the miR171c complementary region of the coding sequence with primers 59-caccCTCAGGCATGGAAAT-GGA-39 (forward) and 59-TTCTGTTTTCGGAAGGTCAA-39 (reverse), respectively, to PCR amplify mutated 59 and 39 fragments of the gene from L. japonicus leaf DNA (ecotype Gifu). A full-length version was obtained from these using an overlapping PCR strategy with primers 59-caccCTCAGGCA-TGGAAATGGA-39 (forward) and 59-TTCTGTTTTCGGAAGGTCAA-39 (reverse). The same primers and template were used to isolate full-length wild-type NSP2. Both fragments were subsequently cloned into pENTR/D/TOPO (Invitrogen) and transferred to modified pIV10 vector (Stougaard et al.,1987) equipped with a Gateway destination cassette (Invitrogen) preceded by a 405-nucleotide cauliflower mosaic virus 35S promoter fragment (59-CGTACCCC-TACTCCAAAAATG.TTCATTTGGAGAGGACAGCCC-39). As a control, the Gateway destination cassette was eliminated from the pIV10 plasmid carrying the 35S promoter fragment. The resulting pIV10-based constructs were introduced into A. rhizogenes AR1193 via triparental mating (Stougaard et al., 1987) and used for hairy root induction.
Cloning of sRNAs
Isolation and cloning of sRNAs from L. japonicus roots and nodules were carried out as described previously (Pfeffer, 2007) . Each of the five libraries was PCR labeled using distinct four-nucleotide tags, pooled, and subjected to two rounds of 454 pyrosequencing.
RNA Analyses
Total RNA from L. japonicus tissue was extracted by adapting the hot borate buffer protocol (Wan and Wilkins, 1994) . Briefly, plant tissue was ground under liquid nitrogen and homogenized with an extraction buffer (2,000 mM sodium tetraborate decahydrate, 30 mM EGTA, 5 mM EDTA, 1% SDS, 1% sodium deoxycholate; adding before use 100 mL of dithiothreitol, 35 mL of b-mercaptoethanol, and 0.1 g of polyvinylpyrrolidone-40 per 5 mL of buffer). Samples were Proteinase K digested and treated with TRIzol-LS reagent (Invitrogen) following the manufacturer's instructions. RNA from Arabidopsis was extracted with Tri-Reagent (Sigma) according to the manufacturer's instructions.
RNA gel-blot analysis of low-molecular-weight RNAs was done as described previously (Dunoyer et al., 2004) . To detect highly expressed miRNAs, the sRNA-containing membrane was UV cross linked in Stratalinker. To detect low expressed miRNAs, RNAs were chemically cross linked to the membrane with a fixing solution including N-ethyl-N9-3-dimethylaminopropyl carbodiimide hydrochloride and 1-methylimidazole as described previously (Pall and Hamilton, 2008) . For miRNA detection, complementary DNA (cDNA) oligonucleotides were radiolabeled with [g-32 P]ATP using T4 PNK enzyme (New England Biolabs). The U6 snRNA signal was used as an internal loading control. The following DNA oligonucleotides were used for miRNA detection: TCAGAGGCGAAGACACCCGCTA (lja-A1), AGATGATGTATGGATG-GAAGA (lja-A2), AGATCATGCTGGCAGCTTCA (lja-miR167), GAGT-GATATTGATTCGGCTCA, (lja-miR171c), CTGCAGCATCATCAAGATTCT (lja-miR172a), and TCATCAACGCTGCACTCAATA (lja-miR397).
Bioinformatic Analyses
For sRNA library annotation and analysis, following 454 sequencing, adaptor sequences were removed and high-quality sequences were annotated with BLAST (word size = 7/no filter) using an in-house analysis platform (bioimage.u-strasbg.fr/bioinfo/) and the following databases as references: plant miRNA sequences were analyzed using miRBase (version 17; Viridiplantae); tRNA, rRNA, and other noncoding RNA sequences were extracted from GenBank (release 180.0; plants only); M. loti genomic sequence was retrieved at Rhizobase (version 1.0); DNA repeat sequences were obtained from Repbase (version 16.01; L. japonicus and ancestral loci); L. japonicus genomic sequences were retrieved at the Kazusa Institute (version 2.5). The results were filtered to authorize two mismatches for all databases.
Novel miRNA identification was carried out using miRCat, selecting default parameters except for read abundance (2 or greater; Moxon et al., 2008) , and predicted miRNA precursors were folded using RNAfold from the Vienna RNA package (Hofacker, 2003) . The novelty of miRNAs was confirmed by sequence alignment of individual species to the miRBase registry (version 18) using BLASTN and authorizing a maximum of two mismatches. miRNA abundance profiling was done using the miRProf algorithm, allowing two mismatches and/or overhangs for the sequence search and selecting default values for output grouping . miRNA target predictions were carried out with the Target Finder algorithm (Allen et al., 2005; Fahlgren et al., 2007) . miR171 family sequence alignments were performed using Clustal 2.1 and sequences from the miRBase registry (version 18). Promoter analyses were carried out through the Plant CisActing Regulatory DNA Elements database (www.dna.affrc.go.jp/PLACE/; Higo et al., 1998) .
Analysis of Affymetrix Transcriptome Data
Normalized and pairwise-compared expression data from the L. japonicus Affymetrix GeneChip were kindly provided by S. Radutoiu (Department of Molecular Biology, Aarhus University; M, FDR, where M is the log 2 ratio of average signal intensity values from any two conditions [three biological replicates each] and FDR is the false discovery rate-corrected P value; Høgslund et al., 2009 ). Nodule expression values as compared with those from uninoculated root samples of the same genotype were analyzed. A significance criterion of FDR-corrected P # 0.05 was applied (Høgslund et al., 2009 
qRT-PCR Analysis
Total RNA was extracted from 10 to 15 independent root systems per sample using miRVana (Ambion) kit materials and following the supplier's recommendations. RNA was eluted in diethyl pyrocarbonate-treated water. cDNA for sRNA qPCR assays was prepared using RevertAid reverse transcriptase (Fermentas) following a protocol by Varkonyi-Gasic et al. (2007; modified) . Stem-loop primers for reverse transcription of sRNAs (Supplemental Table S1 ) were designed such that the 6 bp at the 59 end of the stem-loop primer were complementary to six nucleotides at the 39 end of the sRNA. In addition to one or more stem-loop primers, each cDNA reaction contained oligo(dT) primers (Supplemental Table S1 ). Pulsed reverse transcription conditions were 603 16°C for 30 min, 30°C for 30 s, and 42°C for 30 s, then 50°C for 1 s, and 85°C for 5 min. Primers for qPCR amplification are listed in Supplemental Table S1 . Reference genes were L. japonicus homologs of ATP synthase, protein phosphatase2, and the nuclear RNA U6. Due to disproportionally high expression levels of U6, which is used as a standard reference in low-M r northern blots, the presented graphs were calculated using only ATP synthase and protein phosphatase2A for normalization. While introducing slightly more variation, standardization with U6 supported all conclusions drawn.
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